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1987.-We have developed a method for measuring epicardial deformation in the isolated arrested dog heart. A biplane video system was used to record the motion of discrete epicardial markers at midanterior sites (n = 4 hearts) and midposterior sites (n = 1) during quasi-static left ventricular (LV) filling. Experimental procedures, performed at room temperature, were completed within 20 min, and LV pressurevolume curves were repeatable and within the range of data presented by other authors. To obtain a complete description of local deformation, epicardial displacements derived from the video record were analyzed using homogeneous strain theory. Local epicardial strain was nonuniform; the mean ranges of midanterior major and minor extensions were O-13.9 and O-7.2%, respectively, for LV filling pressures of O-20 mmHg. For the midanterior wall, the mean orientation of the major extension was 28-35" below the LV circumference, compared with an orientation of ~62' at the midposterior site. The results demonstrate the value of this preparation for studying passive ventricular mechanics and are not consistent with the predictions of mathematical models of ventricular stress and strain, in which it has been assumed that the material properties of the passive myocardium are isotropic.
biplane video imaging; homogeneous strain theory; regional strain TO UNDERSTAND THE MECHANICS of the normal and abnormal heart, we need more detailed information on the factors that influence myocardial deformation during diastole and determine presystolic cardiac muscle fiber lengths. Accurate estimates of the distributions of stress and strain in the ventricular wall during diastole are therefore required.
Regional myocardial strains in the intact beating heart have been approximated from the displacement of markers located on the epicardium (1, 16) or within the ventricular wall (5, 6, 23 ). This experimental model does not lend itself to the systematic analysis of myocardial deformation during diastole, since no undeformed reference state can be identified. Furthermore, ventricular filling may be influenced by a variety of factors, including the following: variations in loading due to the interaction of right and left ventricles (lo), inertial and viscous dynamic effects (lo), and alterations in coronary perfusion pressure and flow (22) . With in vivo preparations, it is difficult to account for the contributions that such factors make to diastolic ventricular wall deformation.
Estimates of ventricular wall stress obtained from measured intramyocardial forces have been found to be unreliable (9). The only alternative to direct measurement of stress is mathematical modeling based on the laws of continuum mechanics (25), which requires experimental information on ventricular shape and dimensions, the mechanical properties of cardiac muscle, and the ventricular pressure loading conditions. Models using simplified representations of shape and material behavior have predicted passive ventricular volume changes with reasonable accuracy (12), but a precise analysis of regional myocardial stresses and strains requires the solution of equations that describe the complex threedimensional geometry, the large deformations, and the nonlinear anisotropic constitutive properties of the ventricular wall (2). This has been made possible by the development of the finite element method, a computational technique that has been used to predict the distributions of wall stress and strain in the passive filling left ventricle (11, 18, 21). Yin (25) has emphasized the need to test such models and validate the assumptions on which they are based. In the absence of reliable estimates of stress, this can only be achieved by comparing predicted strains with experimental measures of ventricular wall strain obtained under carefully controlled conditions.
We describe an experimental model of the diastolic heart developed to 1) study factors that influence regional ventricular deformation during diastole and 2) assess the accuracy of ventricular strain distributions predicted by continuum mechanics models of the passive heart. To achieve the control necessary to meet these aims we have used an isolated arrested heart preparation. Such preparations have been widely used to study passive ventricular filling (8) but do not appear to have been used to investigate myocardial strains.
Isolated, arrested dog hearts were subjected to static left ventricular filling, and a biplane video technique was used to record the motion of discrete markers at selected epicardial sites. The measured epicardial displacements were analyzed using homogeneous strain theory to provide a complete description of local deformation.
METHODS
Preparation. Five mongrel dogs weighing 20-33 kg were anesthetized with thiopental sodium (25 mg/kg iv) and maintained with 1.5% halothane using positivepressure ventilation.
A catheter was introduced into the left ventricle (LV) via the common carotid artery and the heart exposed through a thoracotomy at the fifth intercostal space. After a monitoring period of -1 h, the aorta was occluded and a 50-ml bolus of cold 10% potassium citrate solution was injected into the LV to induce immediate cardiac arrest. The heart was then rapidly excised, washed, and put into a bath of a chilled hyperkalemic cardioplegic solution (CPS) containing nifedipine (0.2 mg/l). The atria and pulmonary outflow tract were removed and the aorta transected below the arch.
The heart was then mounted on the stainless steel cannula assembly shown in Fig. 1 . The aortic cannula consisted of a sleeve and a central vented tube with a plug attached to the end. This cannula was secured 3-4 cm above the aortic root with the plug positioned just below the aortic valves. A heavy silk suture was passed under the major coronary arteries and drawn tightly around the aortic plug to block the LV outflow tract, so that the coronary A cir&lation could be perfused through the central tube without leakage into the LV cavity. Another tie was passed around the chordae tendinae of the mitral valve, forming a "purse string" to secure the leaflets around the shaft, just above the base of the mitral cannula. A rubber seal on the cannula shaft was pressed firmly against the fibrous ring of the mitral valve and locked in position (see Fig. 1 ). The mitral valve cannula was supported by an adjustable coupling attached to the aortic cannula. The coronary circulation was then flushed with cold CPS and the right ventricle vented at the apex to prevent the accumulation of coronary effluent.
J
Three markers, each consisting of two fine silk threads sutured in a small cross to the superficial epicardium, were positioned 8-27 mm apart on the LV free wall to form an upright equilateral triangle. On three hearts, an additional marker was placed below the triangle to form a symmetrical diamond.
Experimental recording. The heart and cannula assembly were supported by a rigid bar and positioned in the experimental measurement system illustrated in Fig. 2 . The mitral valve cannula was connected to a saline-filled loading column. This column could be raised or lowered manually to alter the LV pressure, which was measured using a strain-gauge pressure transducer (Statham P23Db) at the level of the aortic root. To determine the corresponding LV volume change, the difference between the hydrostatic pressures in the loading column and a parallel reference column was detected by a differential pressure transducer (Validyne). A reservoir 130 cm above the heart contained CPS with added dextran (70,000 mol wt, 1.5%) at room temperature for perfusing the coronary circulation. Perfusate flow was measured using an electromagnetic flowmeter (Gould SP2202) with a cannulating flow probe.
The support for the heart and cannula assembly located the center line of the aortic cannula at the axis of a 45" biplane video camera arrangement. The two cameras (JVC lK-2000, fitted with macrolenses) were fixed to racks that allowed the magnification to be increased linearly by tracking toward the heart. Camera positions, LV pressure, relative LV volume, and coronary flow rate were monitored continuously at a sampling rate of 50 Hz using a microcomputer.
The computer was programmed to acquire these data on operator command and, simultaneously, to switch the camera inputs to a video cassette recorder (JVC 6600E) so that sequential biplane views of the heart could be recorded.
Protocol. The camera positions were adjusted for optimal magnification and then the heart was perfused briefly with room temperature CPS. The duration of hypothermia (from arrest to perfusion) ranged from 34 to 59 min. Starting at a pressure of 0 mmHg, the motion of the epicardial markers was recorded for a series of lo-20 static loads increasing to a maximum pressure of ZO-30 mmHg and returning to 0 mmHg. At each load, the cameras were switched and the data were acquired. These quasi-static loading cycles were performed one to three times for each heart with or without coronary perfusion. The heart was then fixed at 0 mmHg LV pressure by perfusing 100-200 ml of glutaraldehyde (2.5%) in phosphate buffer through the coronary circulation. Biplane views of the heart and markers were recorded before and
after fixation The duration of each recording session (from room temperature perfusion to fixation) was always ~17 min, and the total time from arrest ranged from 46 to 64 min. The fixed heart was removed from its support, and both ventricular cavities were cast with silicon rubber. The location of each marker was subsequently measured in cylindrical polar coordinates with respect to an axis between the center of the mitral valve and the apex. Epicardial fiber orientations were also determined at each marker position. After each experiment, biplane views of a calibration test grid were recorded on the video tape with the camera positions unaltered to allow the absolute accuracy of the video measurements to be checked. Marker coordinate reconstruction.
The spatial coordinates of the epicardial markers were reconstructed using a pair of horizontal and vertica imposed on the replayed video 1 cross hairs electronically During stop-frame playback, a single operator manipulated the cross hairs to locate each marker in both camera views. The two sets of screen coordinates for each point were then read by the microcomputer.
To convert the screen measurements to physical coordinates, the cameras had to be calibrated. For this purpose an accurate grid (200 x 300 mm with l-mm ruling and a cumulative accuracy of ~0.02 mm) was recorded by each camera over the full range of positions permitted by the racks (50-300 mm). For each camera position, the physical coordinates of selected points on the grid were fitted independently (by least-squares linear regression)
as functions of the corresponding screen positions located by the cross hairs; the coefficients of these functions camera nosition were using then fitted as linear functions of the same meth .od. resulting transfer functions is given in APPENDIX A. The correlation coefficients of the fitted transfer functions were >0.9999 for both cameras, indicating that nonlinear distortions in the recording system were small. The equations used to reconstruct the three-dimensional coordinates of the epicardial markers from biplane recordings, given the transfer functions and camera positions, are presented in APPENDIX A. The origin of the right-handed measurement coordinate system (XI, X2, X3) was at the intersection of the axes of symmetry of the camera lenses. The X2 axis coincided with the center line of the aortic cannula, and the X3 axis was defined by the lens axis of camera 1 (see Fig. 2 ).
Epicardial deformation analysis. To obtain a description of local epicardial deformation that was independent of the orientation of the marker triangle, the recorded motion was analyzed using homogeneous strain theory (19) . Although myocardial strains vary throughout the heart and the cardiac cycle, the instantaneous deformation of a myocardial region is homogeneous if the region is sufficiently small that the deformation of every segment within it is the same. The assumption of homogeneous deformation is justified when the epicardial fiber directions and material properties do not vary significantly between the three markers. Meier et al. (16) applied a kinematic analysis to right ventricular wall motion in the intact dog heart and demonstrated that epicardial deformations throughout the cardiac cycle could be regarded as homogeneous for markers spaced ~10-15 mm apart. Studies of fiber orientation in the fixed heart, by ourselves and others (ZO), suggest that midventricular epicardial fibers remain relatively constant over intervals the size of our marker spacings (mean 14 mm at zero load).
To obtain a mathematical description of a general homogeneous deformation, we consider the position vector ii; of a material point in the deformed heart to be a function of the pressure load P producing the deformation and the corresponding position vector x in a zeropressure reference state &= 3% w A linear operator F defines the correspondence between two arbitrarily small segments (dk and dx) in the deformed and reference configurations A dx = Fedx where F is a function of P alone. Considering the individual components of d% it is evident that the linear operator F is a matrix) of deformation gradients.
tensor (or To isolate the epicardial deformations from the rigid body movement of the ventricular wall and to reduce the analysis to two dimensions, we defined a local coordinate system (x1, x2, x3) that moved with the markers.
The approach followed was similar to that described by Meier et al. (15) , who defined a local Cartesian coordinate system in the plane of three epicardial markers, with its origin at the centroid. The longitudinal axis was tangential to the epicardial meridian that passed through the ten troid, the apex, and the aortic root. In the present study, however, we defined the ventricular meridian as the line of intersection of the epicardium and the vertical plane containing the longitudinal axis of the heart and passing through the marker centroid. This ensured that the local coordinate system was referred to a fixed global coordinate system that was independent of gross ventricular deformations.
By expressing the positions of the triangular array of markers in these local coordinates, a 2 x 2 matrix of deformation gradients was computed for each load, as outlinedin APPENDIX B.
From the polar decomposition theorem (19) , the deformation gradient tensor F can be separated into two unique components F=RU where R, the orthogonal rotation tensor, describes the local myocardial twist and U, the right stretch tensor, defines the two-dimensional extension of the epicardial region. From R 9 we obtain a single angular measure of local epicardial shear or rotation a (clockwise positive) for each pressure. The stretch tensor U is uniquely The eigenvalues XI and Xrr represent the major and minor epicardial segment length changes (expressed as extension ratios) that are oriented in mutually perpendicular directions defined by the eigenvectors. The angle between the eigenvector eI associated with the major extension and the local circumferential axis x1 is the principal angle @(-90° C + _ 5 9OO). A third eigenvalue XIII with its eigenvector eIII directed transmurally was derived from the principal epicardial extensions by assuming the myocardium to be incompressible, i.e., the volume of a small myocardial cube must remain constant, or This third eigenvalue describes the change in thickness of the epicardial layer. Although transmural deformation cannot be regarded as homogeneous (owing to the variation in fiber direction across the wall) or strictly incompressible (because of the possible redistribution of coronary perfusate), Xiii provides an estimate of changes in ventricular wall thickness under load. A physical interpretation of the rotation and stretch tensors is shown in Fig. 3 . The equations used to compute the principal extension ratios (XI, XII, XIII), the principal angle (a), the epicardial rotation (a), and the rigid rotation (0) of the epicardium about the aortic axis are given in APPENDIX B. The principal extensions and unprocessed epicardial segment extensions were expressed as percent length changes A = 100(X -1) and ranged from 0.09 to 0.15 mm in the horizontal direction and from 0.14 to 0.26 mm in the vertical direction, for the range of camera positions used in the five studies.
To test the absolute accuracy of the coordinate measurements, five randomly selected points were reconstructed (10 times each) from the biplane images of the calibration grid recorded after each experiment. The mean differences between the computed (observed) and known (expected) absolute coordinates X1 o-E, X2 o-E, -X3 0-E are summarized in Table 1 . Although these errors differ significantly from zero, they are approximately constant at a given magnification except at the periphery of the image field; their effect on the accuracy of the deformation analysis must therefore have been small. To assess the variability in the epicardial measurements and to improve the reliability of the calculated strains, each marker position on the unloaded heart was reconstructed at least 10 times and the means and variances of the coordinates determined.
The standard deviations S x1, S,, and S, of the three coordinates, which varied according to magnification, are shown in Table 1 .
The greater error in the depth coordinate X3 was due to the 45" biplane angle. The overall error (E) was estimated as the root mean variance in the three coordinates and was equivalent to an absolute error in the percent segment extensions of 0.7-1.7%.
Although the measurement error was small (mean E, 0.11 mm), slight variations in the marker coordinates were amplified considerably in the computed deformations, which depended on displacement gradients. The orientation of the principal axis (which is undefined for a uniform biaxial stretch) was particularly sensitive to this variation. Therefore, to minimize the effect of scatter in the measurements without distorting the deformations, the individual marker coordinates were smoothed using a three-point filtering algorithm before the deformations were calculated. For the same reason, it was preferable to compute the epicardial strains shown in Table 2 (see RESULTS) using marker coordinates that had been interpolated from least-square polynomials fitted as functions of LV pressure rather than to interpolate from curves fitted to the derived deformations. By fitting either quadratic or cubic functions to each coordinate of each epicardial marker, another index of overall measurement consistency was provided. The standard deviations of the coordinates sxl, sx2, and sx, about the leastsquare polynomial fits are presented in Table 1 .
RESULTS
Epicardial deformations were analyzed in five unperfused hearts. Epicardial markers were sutured to the midventricular anterior free wall in four cases and to the midventricular posterior wall in the fifth case.
The static pressure-volume curve for the single cycle of one experiment is shown in Fig. 4A . The arrows indicate the sequence of loading and the hysteresis reflects volume loss due to leakage. The mean pressurevolume curve (ascending limb) for all five hearts is plotted in Fig. 4B . The mean fluid loss on return to zero was 2.3 & 2.1 ml. Deformation data for the same heart as in The major and minor stretches and the local wall thinning all increased with pressure in a nonlinear manner similar to that of the volume change. This is demonstrated in Fig. 5C , which shows the principal extensions varying with volume in an approximately linear fashion. In this experiment, the angle between the direction of the major extension and the local epicardial circumference was ~-25~ (i.e., below the ventricular circumference) for most of the load cycle. The epicardial rotation (clockwise positive) and the rigid rotation of the marker triangle about the aortic axis (counterclockwise positive viewed from the fixed base) are plotted in Fig. 5D .
In three hearts, markers were sutured in a diamond arrangement to form two triplets, and two complete loading cycles were analyzed. In the two other experiments that were both anterior wall studies, one marker triplet was recorded for a single loading cycle only. In Table 2 , the change in LV volume (AV), major and minor stretches (Ai and Aii), and derived wall thinning (-A& are summarized together with the orientation of the principal stretch (@), the epicardial twist (a), and the rigid rotation (0) for representative static LV filling pressures. Data for the LV anterior wall are compared with corresponding results from the single study of the LV posterior wall. These results indicate the consistency of the deformation data obtained for the midventricular region of the anterior free wall. The principal epicardial (n = 5).
strains were clearly separated with the major stretch rising to a maximum of 14%. The major extension was directed below the ventricular circumference and coincided with the orientation of epicardial muscle fibers. Both epicardial twist and rigid rotation were small and consistently counterclockwise. In both cases the rotation was clearly load dependent. Since the major extension was aligned with the fiber axis, epicardial twist or shear represents a change in fiber orientation. The results therefore indicate that epicardial fibers become slightly more longitudinal during passive filling. Finally, the magnitude and orientation of the principal stretches for the midventricular posterior wall of the LV are seen to differ considerably from those on the anterior wall.
DISCUSSION
The aim of this work was to develop an experimental model that could be used to 1) study the factors that influence regional myocardial deformation during diastole and 2) assess the accuracy of ventricular wall strain distributions predicted by continuum mechanics models of the passive heart. To meet these objectives, it was necessary to make accurate measurements of regional ventricular deformation under carefully controlled conditions. An isolated arrested heart preparation was adopted to satisfy these requirements.
Although the loading conditions in this preparation were not strictly comparable with those in the heart during diastole, they were well defined and reproducible. The heart was suspended from a rigid structure that fixed the positions of the aortic and mitral valves; for each ventricular volume increment, measurements were made at steady state to exclude viscous and inertial effects, and the mechanical effects of coronary perfusion were also controlled.
The hearts were not supported metabolically, but standard procedures (3, 7) were used to preserve the myocardium and delay the onset of ischemic contracture. Electrical and mechanical activity ceased rapidly when arrest was induced; optimal hypothermia was maintained while the heart was mounted on the cannula system and prepared for study; perfusion time was brief; and nifedipine, a calcium antagonist, was added to the cardioplegic perfusate. Finally, after the hearts were brought to room temperature, the experimental studies were completed within 20 min; Laks et al. (14) showed that in excised dog hearts at room temperature there was no significant change in measured LV compliance until 40 min after arrest.
The stability of this preparation is reflected by the consistency of the results both within and between experiments. The pressure-volume curves are reproducible and lie within the range of data presented by other investigators (4, 8, 17) . The slight hysteresis was due entirely to fluid loss. The epicardial strain curves did not vary significantly between loading cycles and were consistent with other estimates (13, 17) of dimensional change in the diastolic LV over similar ranges of filling pressure.
We used homogeneous strain theory to analyze our measured epicardial displacements because it provides a complete and easily interpreted representation of regional deformation. Our implementation of this wellestablished engineering technique (19) does not differ greatly from the approach used by Meier et al. (15) to study regional deformation in the right ventricle during systole. However, we have incorporated a number of improvements: the local coordinate system was not tied to the deforming ventricle, which introduces artifacts in the estimated deformations, but was referred instead to a fixed global coordinate system; deformations were referred to the zero-pressure state, which most closely approximates the stress-free condition; and we have used data smoothing and fitting procedures to reduce the scatter in the derived strains.
Walley et al. (24) used a similar mathematical analysis to characterize the motion of the LV cavity. They obtained global measures of dynamic left ventricular geometry referred to end diastole, by assuming a linear mapping of endocardial marker coordinates between end diastole and subsequent instants in the cardiac cycle. In this study, we make no such assumptions, but derive measures of local strain referred to the undeformed state.
Recently, Waldman et al. (23) implanted closely spaced columns of radiopaque markers in the canine LV free wall, and the analysis of Meier et al. (15) was generalized to determine the transmural variation of the three-dimensional principal strains. However, their deformations were also measured with respect to end diastole and the local cardiac coordinates were not referred to a fixed global system.
It has been widely observed that regional ventricular deformation is nonuniform during systole (1, 6, 23). Arts et al. (1) found maximum LV epicardial shortening in the local muscle fiber direction, whereas Fenton et al. (6) reported that the principal direction of shortening coincided with muscle fiber orientation across the LV wall. Waldman et al. (23) observed nonuniform principal strains in planes parallel to the epicardium. They found that the angle between the ventricular circumference and the principal axis of subepicardial shortening at end systole was in the range -25 to -6O", but reported that the direction of principal shortening varied less than the cardiac muscle fiber orientation across the LV wall. The reversal of the patterns of active ventricular deformation during relaxation and early diastole has not attracted much attention but appears to have been interpreted as postsystolic recoil. Walley et al. (24) claimed that during slow filling the principal directions of LV endocardial deformation are ill defined, with similar rates of change for major and minor extensions. They concluded that this suggests a symmetric expansion of the LV during late diastole and reflects the essentially isotropic material properties of the passive myocardium. The results of the present study demonstrate that the factors that determine regional epicardial deformation in the passive LV are more complex than has previously been suggested. For anterior and posterior midwall sites, epicardial strain was nonuniform with the principal extensions clearly differentiated and the major extension directed below the ventricular circumference.
It is noteworthy that this direction coincides with the known orientation of epicardial muscle fibers (20). In addition there was a counterclockwise rigid rotation of the epicardium (viewed from the fixed base). These results are the inverse of those measured on the epicardium of the intact heart during systole (1, 6). However, they are not due to contraction, dynamic effects, or in vivo loading conditions. The observed patterns of passive deformation are therefore a fundamental property of ventricular architecture and the material properties of the passive myocardium and may indicate that the passive myocardium is most compliant in the fiber direction.
Although the measures of regional epicardial deformation obtained using this experimental model provide no direct information on strain in deeper myocardial layers, they can be readily compared with ventricular strain distributions predicted by continuum mechanics models of the passive heart. The observed strains are not consistent with the predictions of mathematical models in which it is assumed that the material properties of the passive myocardium are isotropic (11, 18, 21). It is apparent that the three-dimensional geometry and the material properties of the ventricular wall are important determinants of regional deformation and strain in the diastolic heart. We conclude that any realistic mathematical analysis of regional stress and strain should include these factors and be able to predict the results obtained using our experimental method. We have developed an isolated, arrested heart preparation that enables us to characterize regional epicardial deformation in the LV under well-defined conditions. Using this method we have demonstrated that, for the anterior midwall region of the LV, epicardial deformation is nonuniform and that maximum extensions are in the direction of epicardial muscle fibers. The method provides the means to investigate questions that arise from this preliminary study. In particular, it is necessary to establish the extent to which the patterns of deformation at other sites correspond to those presented here for the anterior midwall LV epicardium, and to determine how regional ventricular deformation in the passive heart is influenced by viscous and inertial effects, by material inhomogeneity of the ventricular myocardium, and by variations in coronary perfusion pressure and flow. Eq. A4 represents a system of two linear equations in X1 and X3. X2 is common with Xi and Xz, which, using Xi and X& are obtained directly from Eq. A2. To account for the possibility of a small numerical difference between Xi and X& X2 is defined as the average x2 = 1/2(x; + x;) W) APPENDIX I3
In the Lagrangian description of deformation, the position vector k of a material point in the deformed state is a function of the corresponding vector x in the undeformed state 5i = ii(x) (Bl)
A tensor of deformation gradients F defines the transformation between two arbitrarily small segments in the deformed dii and reference dx states d% = Fdx W)
If the position vectors, referred to local epicardial coordin&es of the three epicardial markers, are denoted by xa, x', and xc then any two segments, (xb -xc) and (xa -xc) can be used as estimates of dx in the unloaded heart and dk in the loaded heart 
